Phytochemicals in fruits, vegetables, spices and traditional herbal medicinal plants have been found to play a protective role against many human chronic diseases including cancer and cardiovascular diseases. These diseases are associated with oxidative stress caused by excess of free radicals and other reactive oxygen species. Fractions rich in flavonoids obtained from S. hispida seeds were orally administered at three different doses of 20, 40 and 80 mg/kg BW to HFD fed rats. The antioxidant activity of a flavonoid-rich fraction was measured both in vitro and in vivo. The flavonoid-rich fraction effectively scavenged DPPH
and singlet oxygen) are constantly generated in our body due to normal metabolism, through leakage of electrons from the electron transport chain and by the activities of oxidoreductase enzymes. Polyunsaturated fatty acids in cellular membranes are especially prone to damage by lipid peroxidation. Therefore, cells and tissues have evolved both enzymatic and non-enzymatic antioxidant systems to combat the oxidative stress caused by reactive oxygen species (ROS). However, such endogenous antioxidants are not sufficient under the conditions of extreme oxidative stress, thus making it necessary to rely on exogeneous antioxidants. In this context, flavonoids and polyphenols are proving to be highly effective and are therefore gradually emerging as viable alternatives to conventional drugs for various diseases (Yoshida et al. 1999) . Flavonoids are phenolic compounds widely distributed in plants, with over 4000 individual substances known and the numbers constantly increasing (Harborne 1986 ). In the present study, an attempt is made to evaluate the antioxidant activity of flavonoid-rich fraction from S. hispida seeds, which is listed in indigenous medicine as having high therapeutic value and is even now being used in various diseases. S. hispida L. (Rubiaceae) was popularly known as "Nattaiccuri" in Tamil or "Shaggy button weed" in English (Narayan and Kumar 2003) . It is widely distributed in the Western ghats of Kerala (Puspagandan and Atal 1984) and in Maruthamalai forest, which is an extension of Western ghats (Sekar and Francis 1999) in Tamil Nadu. The seed-extract of the plant has been used as a remedy for the treatment of internal injuries of nerves and kidney. It is suggested that it can remove signs of old age, purify blood and improve vitality, and has been used by the tribals living in the forest regions in the Western ghats of Kerala since ancient times (Puspagandhan and Atal 1984) . It has been also reported that S. hispida is an effective natural drug for the treatment of hypertension (Arnold and Schmidt 2004) .
S. hispida was one of the five plants which contained the maximum amount of flavonoids among 25 plants analyzed (Sekar and Francis 1999) . Plants containing flavonoids have been reported to possess strong antioxidant and hypolipidemic properties (Aviram 2004 , Sudheesh and Vijayalakshmi 2005 , Sweedy et al. 2007 ).
Previously, methanolic extract of this whole plant extract exhibited strong antioxidant activity (Surveswaran et al. 2007 ). Further, oxidative stress is the causative factor that links hyperlipidemia in the pathogenesis of atherosclerosis. Hence, in the present study, the flavonoid-rich extract of S. hispida seeds was investigated for antioxidant activity in hyperlipidemic rats.
MATERIALS AND METHODS
Chemicals 2,2-Diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-azinobis-(3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) were purchased from Sigma Chemical Company Inc., St. Louis, USA and all the other chemicals used were of analytical grade purchased from E Merck or Himedia, Mumbai, India.
Animals
Eight-week-old adult male albino rats of Wistar strain, weighing approximately 150 to 180 g, were acclimatized for 7 days at room temperature (30±3 N C) and relative humidity (55%) in a 12-hour light/dark cycle in a room under hygienic condition. They were given access to water and a commercial diet ad libitum. The experiments were carried out as per the guidelines of Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), New Delhi, India, and approved by the Institutional Animal Ethics Committee (IAEC), Annamalai University (Approval number: 361).
Experimental protocol
Rats were randomly divided into seven groups of six rats each. Group 1 served as normal and received standard pellet diet ( 
Biochemical analysis
Lipid peroxidation was estimated as evidenced by the formation of thiobarbituric acid reactive substances (TBARS), and lipid hydroperoxides (LOOH). TBARS were assayed in plasma and tissues by the method described by Ohkawa et al. (1979) . Malondialdehyde (MDA) and other TBARS were measured by their reactivity with thiobarbituric acid in an acidic condition to generate pink coloured chromophore which was read at 535 nm. LOOH was estimated by the method of Jiang et al. (1992) based on the oxidation of ferrous ion (Fe 2+ ) under acidic conditions in the presence of xylenol orange that leads to the formation of a chromophore with an absorbance maximum at 560 nm. The activity of superoxide dismutase (SOD) was estimated by the method of Kakkar et al. (1984) based on 50% inhibition of the formation of NADH-phenazine methosulphate nitroblue tetrazolium (NBT) formazan at 520 nm. The activity of catalase (CAT) was assayed by the method of Sinha (1972) . Dichromate in acetic acid was converted to perchromic acid and then to chromic acetate, when heated in the presence of H 2 O 2 . The reaction was stopped by the addition of dichromate -acetic acid mixture and the chromic acetate formed was measured colorimetrically at 620 nm. Glutathione peroxidase (GPx) activity was assayed by the method of Rotruck et al. (1973) . A known amount of enzyme preparation was allowed to react with H 2 O 2 in the presence of GSH for a specified time period. GPx utilize GSH for the decomposition of H 2 O 2 . After a specific time, the remaining GSH content was measured by Ellman's method.
GSH was estimated by the method of Ellman (1959) . This method was based on the formation of 2-nitro-5-thiobenzoic acid (a yellow color compound) when dithionitrobenzoic acid was added to compounds containing sulfhydryl groups. The yellow colour developed was read at 412 nm. The level of vitamin C was assessed by the method of Roe and Kuether (1943) . The ascorbic acid was converted to dehydroascorbic acid by mixing with norit and then coupled with 2, 4-dinitrophenylydrazine (DNPH) in the presence of thiourea, a mild reducing agent. The coupled dinitrophenylhydrazine was converted into a red coloured compound when treated with sulfuric acid and read at 520 nm. Vitamin E was estimated by the method of Baker and Frank (1980) . The method involves the reduction of ferric ions to ferrous ions by α-tocopherol and the formation of a red colored complex with 2, 2-dipyridyl. Absorbance of the chromophore was measured at 520 nm.
Plant material S. hispida seeds were collected from the local market, Chidambaram, Cuddalore district, Tamil Nadu, India and dried under shade. The plant was identified and a voucher specimen (No: AU 1917) was deposited at the Herbarium of Botany Directorate, Annamalai University. The dried seeds were made into fine powder with an auto-mix blendor and were kept separately in an airtight container until use.
Extraction of total flavonoids
Seed powder was extracted using a soxhlet apparatus with methanol (18 h) (Petra et al. 1999 ). The extracted solution was filtered and concentrated in a rotary evaporator under reduced pressure (rotary vacuum flash evaporator). The concentrated extract was again exhaustively defatted by refluxing with n-hexane and benzene (15 h twice). The two fractions were negative for polyphenols. Then the defatted bulk residue was successively extracted by refluxing with ethyl acetate (15 h twice). Total polyphenols (Fukumto and Mazza 2000) and total flavonoids (Jia et al. 1999) were spectrophotometrically estimated in the ethyl acetate fraction (total polyphenols content 693.24 ± 18.78 mg GAE/g dry weight) which was found to contain the bulk of flavonoids (total flavonoids content 410.57 ± 16.23 mg QE/g dry weight) and this fraction was evaporated in a rotary evaporator under reduced pressure, freeze-dried and used for the study.
DPPH radical scavenging activity
The radical scavenging activity of S. hispida flavonoid-rich fraction against DPPH
• , was determined spectrophotometrically by the method of Blios (1958) . DPPH • , is a stable free radical and accepts an electron or hydrogen radical to become a stable diamagnetic molecule. DPPH
• , reacts with an antioxidant compound that can donate hydrogen and gets reduced. The change in colour (from deep violet to light yellow) was measured. The intensity of the yellow colour depends on the amount and nature of radical scavenger present in the sample or standard compounds. The reaction mixture containing 1ml of 0.1mM DPPH • , and various concentrations of extract (20, 40, 60, 80 , 100 and 120 µg) were made up to 3ml with water and were incubated for 10 minutes. The blue colour formed was measured at 517 nm. Besides atorvastatin, ascorbic acid was used as a standard for comparison.
Evaluation of total antioxidant activity -(ABTS radical cation decolourization assay)
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) radical cation forms the basis of one of the spectrophotometric methods that has been applied for the measurement of the total antioxidant activity of solutions of pure substances (Wolfenden and Willson 1982) . The improved technique for the generation of ABTS + described here involves the direct production of the blue/green ABTS •+ chromophore through the reaction between ABTS
•+ and potassium persulphate. The addition of S. hispida flavonoid-rich fraction competes with ABTS
•+ and diminishes the colour formation. ABTS
•+ was dissolved in water at a concentration of 7mM. The stock solution was mixed with 2.45 mM potassium persulphate. The mixture was allowed to stand in the dark at room temperature for 12-16 h before use for incomplete oxidation of ABTS
•+ . The radical was stable in this form for more than two days when stored in the dark at room temperature. The incubation mixture in a total volume of 5 ml contained 0.54 ml of ABTS
•+ , 0.5 ml of phosphate buffer and varying concentrations of S. hispida (20, 40, 60, 80 , 100 and 120 µg). The blank contained water in place of S. hispida or standard. The absorbance was read in spectrophotometer at 734 nm and compared with ascorbic acid and atorvastatin.
RESULTS

In vitro assay
The flavonoid-rich fraction of S. hispida exhibited strong antioxidant activity in DPPH
• and ABTS
•+ radical scavenging assay as evidenced by the low IC50 (concentration at 50% inhibition) values (Figs  1, 2) . These values were found to be less than those obtained for ascorbic acid or atorvastatin s u g g e s t i n g mo r e a n t i o x i d a n t a b i l i t y . 
. Effect of S. hispida seed flavonoid-rich fraction on the plasma LDL-C of normal and hyperlipidemic rats
In vivo assay Fig. 3 shows the effect of S. hispida seed flavonoid-rich fraction on low-density-lipoprotein cholesterol (LDL-C) levels in the plasma and tissues of normal and hyperlipidemic rats. The levels of LDL-C increased significantly in HFD rats and the administration of flavonoid-rich fraction decreased all these parameters significantly with a maximum at 40 mg/kg BW. However, the effect was still lower than that of atorvastatin. Table 2 shows the effect of S. hispida seed flavonoid-rich fraction on the food intake, and body weight of normal and hyperlipidemic rats. HFD fed rats exhibited a significant increase in body weight and food intake. Administration of flavonoid-rich fraction or atorvastatin reduced the body weight significantly in HFD rats. There was no significant difference in body weight between flavonoid-rich fractions or atorvastatin treated rats. Food intake was the same in all the HFD-rats. Tables 3 and 4 show the effect of S. hispida seed flavonoid-rich fraction on the levels of TBARS and lipid hydroperoxides in the plasma and tissues of normal and hyperlipidemic rats. The high fat diet (HFD) fed rats exhibited a significant increase in TBARS and LOOH. The administration of flavonoid-rich fraction or atorvastatin reduced the levels of TBARS and LOOH significantly and the effect was more pronounced at 40 mg/kg BW dose. Table 5 shows the effect of S. hispida seed flavonoid-rich fraction on the activities of SOD, CAT and GPx in the erythrocytes of normal and hyperlipidemic rats. The activities of SOD, CAT and GPx decreased significantly in HFD rats and the administration of flavonoid-rich fraction increased these parameters with a maximum at 40 mg/kg BW. Tables 6 and 7 show the effect of S. hispida seed flavonoid-rich fraction on GSH, vitamin C and E levels in the plasma and tissues of normal and hyperlipidemic rats. The levels of GSH, vitamin C and E decreased significantly in HFD rats and administration of flavonoid-rich fraction increased significantly all these parameters with a maximum at 40 mg/kg BW.
DISCUSSION
High fat diet brings about remarkable modifications in the antioxidant defense mechanism against the process of lipid peroxidation. Potential antioxidant therapy should, therefore, include either natural free radical scavenging enzymes or agents which are capable of augmenting the activity of the antioxidants. A number of studies have investigated the ability of flavonoid-rich fraction to act as antioxidants (Aviram 2004, Sudheesh and Vijayalakshmi 2004) . Flavonoids can directly react with superoxide anions and lipid peroxyl radical (Torel et al. 1986 ) and consequently inhibit/break the chain of lipid peroxidation. This radical scavenging activity of extracts could be related to the antioxidant nature of polyphenols/flavonoids, thus contributing to their electron/hydrogen donating ability. Hagerman et al. (1998) have reported that the high molecular weight phenolics have more ability to quench free radicals and their effectiveness depends on the molecular weight, the number of aromatic rings and nature of hydroxyl 
